A glycine-rich motif described as being involved in human polymerase δ proliferating cell nuclear antigen (PCNA) binding has also been identified in all euryarchaeal DNA polymerase D (Pol D) family members. We redefined the motif as the (G)-PYF box. In the present study, Pol D (G)-PYF box motif mutants from Pyrococcus abyssi were generated to investigate its role in functional interactions with the cognate PCNA. We demonstrated that this motif is not essential for interactions between PabPol D (P. abyssi Pol D) and PCNA, using surface plasmon resonance and primer extension studies. Interestingly, the (G)-PYF box is located in a hydrophobic region close to the active site. The (G)-PYF box mutants exhibited altered DNA binding properties. In addition, the thermal stability of all mutants was reduced compared to that of wild type, and this effect could be attributed to increased exposure of the hydrophobic region. These studies suggest that the (G)-PYF box motif mediates intersubunit interactions and that it may be crucial for the thermostability of PabPol D.
Introduction
The processivity of DNA polymerase has been conserved among prokaryotes and eukaryotes. A double or triple replicative DNA polymerase is recruited for DNA synthesis in Escherichia coli (DNA polymerase III), 1 whereas two replicases, DNA polymerases δ and ε, are found in eukaryotes. The picture is more confusing in Archaea because the spectra of DNA polymerases differ significantly between the Crenarchaea and Euryarchaea sub-domains. Crenarchaea possess two to three DNA polymerase B (Pol B) family members, [2] [3] [4] whereas one Pol B and one DNA polymerase D (Pol D) family member are found in Euryarchaea [5] [6] [7] Recently, Pol D has also been detected in the genomes of Candidatus Korarchaeum cryptofilum, 8 Nanoarchaeum equitans, 9 and Cenarchaeum symbiosum. 10 During the last 10 years, some biochemical characterizations of Pol D have been published, 7, 11, 12 but no structural information is yet available. Pol D is composed of two subunits, DP1 and DP2, 5 and is described as a heterodimer, 7 though some studies have shown that PhoPol D can form a heterotetrameric structure containing two large subunits and two small subunits. 12 The small subunit, DP1, exhibits strong homology with the non-catalytic B-subunits of the eukaryotic DNA polymerases α, δ, and ε. 13 This subunit harbors the 3'→5' exonuclease activity, and the large subunit, DP2, is the DNA polymerase subunit, 11 in which Asp1122 and Asp1124 have been identified as catalytic residues. 12 In addition, the 3'→5' exonuclease activity is regulated by the N-terminal extremity of DP1 7, 14 and stimulated by interaction with DP2. 15 The interactions between the two subunits might also be essential for activity. 6 The role of DNA polymerases acting at the euryarchaeal replication fork, and the functional interactions of these DNA polymerases with the processivity factor, has been studied. When more than one replicative DNA polymerase is present, questions about their involvement in leading and lagging strand synthesis are raised [16] [17] [18] . Recent data demonstrated that Pol D is an essential DNA polymerase.
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suggesting that PabPol B and PabPol D cooperate to perform efficient and coordinated DNA synthesis.
PCNA stimulates Pol B and Pol D on a circular DNA template in the absence of the RF-C. 2 Also, PCNA interacts strongly with DP2 and weakly with DP1 in Pyrococcus furiosus, 22 and the N-terminal region (1-200) of DP1 interacts with PCNA in Pyrococcus horikoshii.
23
The highly conserved PCNA interacting protein (PIP) box 24 is commonly described as a specific structural determinant of protein interactions with the sliding clamp. Nevertheless, the PIP box is not always sufficient to imply the requirement of additional structural elements. This statement is exemplified by our recent findings that Pol D from P. abyssi requires two PIP box motifs localized on N-and C-terminus to interact with PCNA. 25 In addition, a region proximal to the core-conserved domain can significantly contribute to the physical PCNA interaction.
26
Recent studies have also shown that PCNA binding of PIP box peptides is not only dependent on their structure, but also on their sequence. 27 Furthermore, in eukaryotes, the binding of DNA polymerase δ to PCNA has been shown to be mediated by a glycinerich region (GX4GX8GX3YFY).
28
In this study, we focused on a glycine-rich motif of PabPol D that is similar to the motif in human DNA polymerase δ and its implication on PCNA-binding. Finally, we compared the interactions between both subunits of wild-type and mutants. Our data suggest that this glycine-rich motif plays a role in the stability of PabPol D.
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Results
Another putative PCNA-binding motif in euryarchaeal DNA polymerases ?
In order to demonstrate that the N-and the C-terminal parts are the sole structural determinants for PCNA-binding, 25 we carefully inspected other putative PCNA-binding motifs in Pol D. We found that the glycine-rich motif identified 28 is present in the core of the large subunits of euryarchaeal Pol D and eukaryotic DNA polymerase δ ( Figure 1a ). We suggest calling this motif the (G)-PYF box because these three amino acids are highly conserved. 
The (G)-PYF box does not favor physical and functional interactions between
Physical and functional interaction between DP1 and DP2
His-tagged wild-type DP1 was produced and purified as described in "Experimental procedures". DP2
of PabPol D, PabPol Dmut1, and PabPol Dmut2 were expressed separately in the E. coli HMS 174 strain (50 ml). The interactions between both subunits were investigated by pull-down assays using 
The (G)-PYF box motif of PabPol D is involved in the thermal stability of the enzyme
Nile Red fluorescence
Nile Red fluorescence is sensitive to the polarity of its environment and can be used as a probe for the presence of hydrophobic regions in proteins. 29 As a consequence, Nile Red is regularly employed to probe changes in protein conformation and the exposure of hydrophobic surfaces. 
Primer extension assays
The primer extension activity of thermally treated PabPol D and (G)-PYF box mutants are shown in 
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Discussion
We investigated a motif that was previously shown to be involved in the direct interaction between PCNA and the p125 catalytic subunit of mammalian DNA polymerase δ.
28,31
This motif is found in all euryarchaeal DNA polymerase D (Figure 1a ) and in some p125 catalytic subunits of eukaryotic DNA polymerase δ. We proposed calling the motif the (G)-PYF box because of the occurrence of a conserved amino-acid triplet (Pro, Tyr, Phe). 35, 36 This result corroborates the studies on P. horikoshii that found that the domain (792-1163) plays a role in the stability of the PhoPol D complex and in polymerase activity. 23 We show that, inside this domain, the (G)-PYF box has a major role in Pol D stability.
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Materials and Methods
Recombinant proteins
PabPol D and PabPCNA were prepared as previously described. 7, 37 In lysates were prepared by sonication (3 x 15 s pulses). Cellular debris was removed by centrifugation at 13,000 x g for 15 min at 4°C. The supernatants were heated at 75°C for 10 min, followed by centrifugation at 13,000 x g for 15 min at 4°C. The supernatants were loaded onto an SDS-PAGE Criterion XT 12% polyacrylamide precast gel (Bio-Rad) and analyzed by Western blotting.
His-tagged DP1 of PabPol D was purified as follows. In short, the extract was passed through an affinity column (His-trap, 5 ml; 1 ml min -1 ) pre-equilibrated with 50 mM Na(P) (pH 6.5) containing 1 
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Primer extension assay
The 32-nt oligonucleotide used to prepare the primed DNA substrate for the primer extension assays 
Nile Red fluorescence
All analyses were performed using an Edinburgh FLS920 spectrofluorimeter. The cell, with a path length of 3 mm and a working volume of 120 µl, was thermostated at 20°C±0.5°C. The excitation wavelength was set at 550 nm, and the excitation and emission slits were set at 5 nm and 10 nm, 
Pull-down assays
His-tagged DP1 (10 µg) was incubated with 4 µl of magnetic beads (Dynabeads Talon, Dynal Biotech) in 100 µl of binding and washing buffer (BW buffer: 50 mM Na(P) pH 8, 300 mM NaCl, 0.01% Tween 20) for 30 min at room temperature. Next, the beads were washed in BW buffer. The
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samples were incubated with DP2 for 1 h at room temperature and washed five times with the same buffer. Proteins were eluded from the beads in loading buffer before being loaded onto a SDS-PAGE Criterion XT 12% polyacrylamide precast gel (Bio-Rad), and DP2 was analyzed by Western blotting.
Electrophoresis mobility-shift assay (EMSA)
Binding reactions were performed in a final volume of 20 µl containing 50 mM Tris-HCl (pH 8.0) containing 20 mM NaCl, 5 mM EDTA, 50 µg ml 
Sequence accession numbers
The Entrez protein database accession numbers for the sequences used in this paper are: NP_070550 hybridized to a 5'-fluorescein-labeled primer for primer extension studies. Reactions were performed at 60°C for 30 min, and products were resolved on denaturing alkaline 1% agarose gels and visualized on a Typhoon 9400 imager.
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